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HISTORICAL.

Fifty years ago a machinist of Manchester imagined

that he could see the voliAme of a mass of iron increase v/hen

it was magnetized and decrease v/hen the magnetizing force

was removed. Hoping to be able to use this principle in the

construction of an electro-magnetic engine, he appealed to

(1)

Dr. Joule to investigate the phenomenon and deteiroine the

amount of the change. By imniersing the iron to be magnet-

ized in a closed vessel filled with water in v;hich stood a

fine capillary tube Joule could not detect any change of

(2)

volume, though it has since been shown tliat had he Lised

either stronger or weaker fields he probably would have done

so. But by a system of compound levers of gx-eat multiplying

power he proved that an iron bar did change its length v/hen

magnetized longitudinally. He obsei-ved an inci-ease in

length of 1-200 000, As a result of his investigations he

proposed the following lavirs:-

1, When soft iron rods are magnetized their length in-

creases and the elongation is approximately proportional to

the square of the magnetizing force.

2. Tension applied to the rod diminishes the elongating

(1) Joule. Phil. Mag, (3), vol.50, pp. 76,225.

(2) Bidwell. Proc. Roy. Soc, vol. 5G, p. 94,





effect.

3. The elongation is greater for the same intensity of

magnetization in proportion to the softness of the metal.

That the t\70 first lavrs are correct for the fields

that Joiile used cannot be doubted; but as to the third law

there is much uncertainty. The investigations of Shelford

(1)

Bidwell indicate that not only hardening but also annealing,

an iron rod diminish the elongating effect, and at the best

the relation betv/een the softness of the iron and its

change of length is to-day very much confused.

It Y;as nearly twenty-five years after Joule's inves-

tigations before tlie question was taken up again experiment-

(2) (3)

ally by Barrett and nearly at the same time by Mayer. Bar-

rett employed the tilting mirror, which is described under

the apparatus used in this investigation, a device suggested

to Barrett by Professor Rowland. He experimented not only

(4)

upon iron but also upon nickel and cobalt. He observed an

elongation of 1-260,000 for iron and 1-425,000 for cobalt;

and a contraction of 1-130,000 for nickel.

(1) Bidwell, Proc. Roy.Soc. vol. 55, p. 228.

(2) Barrett, Phil. Mag. 1874, vol.47, p. 51.

(3) Mayer, Phil. Mag. 1373, vol.45, p. 350.
" " " " vol. 46, p. 177.

(4) Barrett, Nature, 1882, vol.26, p. 585.





Mayer foimd. an elongation of 1-277000 for iron. Some

of his observations upon the action of hard steel seemed to

be at variance with Joule's results. But Bidwell has since

shown that this apparent difference was due solely to their

different methods of experimenting.
(1)

In 1885 Bidwell reported the first of a very exten-

sive series of experiments upon the distortions caused by

magnetization in iron, nickel, and cobalt. He carried his

investigations up to fields many times stronger than those

used by the earlier investigators. He has v/orked upon the

effects of tension ,tempering and annealing. He has experi-

mented with both rods and rings. He found that, at least

with his apparatus, rods did not continue to elongate but

reached a minimum length, then gradually shortened until

they had less than their initial length, apparently approach-

ing a limiting value asymptotically. Investigations upon
(2) (3) (4)

this subject have also been made by Berget, Bock, Jones,

(5 (6) (7)

Knott, Lochner, Nagaoka ; and two years ago investigations

(1) Bidwell. Proc.Roy.Soc. , 1885, vol.38, p. 265; lS86,vol.

40, pp. 109, 257; 1888, vol.43, p. 407; 1890, vol.47,

p. 469; 1892, vol.51, p. 495; 1894, vol.55, p. 228;

1894, vol.55, p. 94; Phil. Trans. Roy. Soc. , 1888, vol.

179 {A)^V' 205.

(2) Berget, Comp. Rend. torn. 65, p. 722.

(3) Bock, Y/ied. Ann. ^ 1895, vol.54, p. 442.

(4) Jones, Phil. Mag., 1895, vol.39, p. 254.

(5) Knott, Phil. Mag. , 1894, vol.37, p. 141; Proc.Roy.Soc.

Sdinb'g.j vol.lS, p. 315; vol.20, p.290; vol.20, p. 334.

(G) Lochner, Phil. Mag. 1893, vol.36, p. 504.

(7) Nagaoka, Wiod. Ann., 53, pp. 481, 487, 487.





in this line were begun in this laboratory by Dr. L. T,

(1)

More.

At Professor Rowland's suggestion, Dr. More deter-

mined the intensity of magnetization in his ivires for each

change of length observed, and also sought to take into con-

sideration the secondary actions that might affect the

length of the v/ire.

Professor Rowland defends his position on the subject as

follo\7s :-

The change in length may be partly due to other

causes than the magnetization of the metal. Among these one

can put the stresses due to magnetization. It is not at all

evident that those stresses can be exactly identified with

the Maxwellian stresses. If v/e think of the long v;ire that

More used as composed of a bundle of small elementary mag-

nets tied together at points v/cll inside the poles, the mag-

nets ViTOuld seem to have no tendency, in their central parts,

to separate from each other; and in that case there would

be no pressure at right angles to the lines of induction,

unless it can be shown to result from a squeezing outwards

of some kind of matter, caiised by a longitudinal compres-

sion.

Phil. Mag.jlS94; vol.37, p. 151; 1896, vol, 41, p. 454.

(1) More, Phil. Mag., 1895, vol.40, p. 345; Phys.Rev. 1895,

vol. 3, p. 210.





At the saine time, the compressive force v/hich, it is

knovm, -.vill tend to close up a very thin air-gap in a divid-

ed magnet must also exist in any magnet, for according to

all our ideas of matter, there is no real difference in the

case where the air-gap exists and where it does not; because

we still must consider the gaps bet\7een the molecules. If

we nov; think of the long elementary magnets as composed of

short elementary pieces with their ends so near together

that the effects of their poles are neutralized in all ac-

tion Lipon external bodies and yet allow a space betv/een

their ends for a compressible medium to entirely surround

them, then this longitudinal pressure v;-ould cause both lon-

gitudinal shortening and a pressure outwards perpendicular

to the induction. It would seem that siich a case might rep-

resent both the strain in the medium and the strain in the

e the r

.

The value of this compressive force is probably
B^ (B - K)^

It may possibly be , but in most cases the

sir 8 /r

two are so nearly equal in value that it would not seriously

alter the results to take either force. Taking this as

equivalent in its action to a simple mechanical pressure and

considering, with it, the ordinary elasticity of the wire,

the shortening due to this cause can be computed for each

observation and corrections may be made accordinglj'". Or





this force might be considered to neutralize a portion of

the tension on the wire, equal to it in value.

Again, if the magnetized rod or wire extends beyond

the magnetizing solenoid then the poles of the magnet will

tend to draw into the solenoid, while if the magnetized rod

v/ere considerably shorter than the solenoid it seems evident

that the poles would have some tendency to move out towards

the ends of the solenoid, and thus diminish the compressive

force.

Thus, in every case like that of Dr. More's the ef-

fects of magnetization must be analyzed into direct and sec-

ondary actions in order to get any true idea of the real

phenomena.

For reasons like these, Professor Rowland advised

Dr. More to correct his observed readings of elongation for

a shortening caused by the force ; and these corrected
8 rr-

readings were plotted to a basis of induction in the iron

instead of being given on a basis of the magnetizing force,

as all previous curves in this subject had been given, ex-

cept those of Kagaoka,
(1)

Last year Dr. E. F. Gallaudet made an investigation

on this subject in this laboratory. He used the apparatus

employed by Dr. I.Iore , and his curves wore in -^11 respects

(1) Gallaudet, J.H.U. , Thesis, June, 1896.





except one similar to those obtained by Dr. More, Bidv,rell

If

and others. He did not correct them for the contrac-

tion.

An initial contraction was observed by him that no

one has announced before, and he also gave observations that

seemed to indicate a very great change in the values of

Young's modulus as the magnetization increased. That there

could be no real change in the elasticity so large as these,

can be shown from Dr. Gallaudet's own tables; for such

changes in values of Young's modulus under the larger ten-

sions used would have caused changes of length in the wire

many times greater than the changes observed. Moreover,
(1)

Bock found as a result of his experiments that the changes

in elasticity due to magnetization could not exceed one-half
(2)

per cent., and Miss Noyes,in a series of experiments upon

the changes of Young's modulus with temperature, did not

find any evidence of a change of the elasticity from magnet-

ization.

(1) Bock, loc . cit .

(2) Mary C. Noyes , Phys . Rev. ^1396, vol.3, p. 432.





8

OBJECT OF THIS ima<]STIGATION.

Dr. More studied but one quality of iron. Dr. Gal-

laudet experimented with only one iron wire and one nickel

wire. It v/as hoped that by carefully observing the beha-

vior of qiiite a niuTiber of different wires under varied phys-

ical conditions, data might be obtained that would explain

the relation of the elasticity of the metal to its change

in length, ujider magnetization. It Was also hoped that in-

cidentally the question of an initial contraction preceding

elongation, as observed by Dr. Gallaudet , might be settled

and that likewise some additional info nnat ion on the rela-

tion of the temper of the metal to its change of length

might be obtained.





APPARATUS.

I employed the apparatus used by Dr. I.lorG and bv Dr.

(1)
Gallaudet. It is very fully described by Dr. More v/ho

gives all the dimensions essential to its construction. The

feature that is essentially characteristic of this appara-

tus, in addition to Professor Rov;-land's tilting mirror that

both Barrett and Bidwoll used, is the cylindrical jacket

v/hich Yfas suggested by Dr. Ames. The figure here given

•will show its use. About the part of the wire v/here the

changes in length are to be observed is placed a brass tube

having a free internal diameter of over one centimetre. At

the bottom end b_ the tube is clamped firmly to the wire

while the iipper end has a loosely fitting cork merely to

keep the axis of the cylinder and the wire coincident. To

the top of the cylinder is attached a projecting arm that

carries two raised supjoorts a_ and c_. Above this arm is

placed a lever d, resting by a knife-edge on the support

a^. This lever also has an inverted knife-edge but a very

short distance back of the one that supports its v/eight,

and over the inverted knife-edge is placed a hook that is

firmly clamped to the wire at £^. Thus any change in the

length of the -.Tire betv;een the points b^ and £. '"''ill cause

(1) More, loc . cit .
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the outer end of the lever to rise oi* fall. Standing partly

on the end of this lever and partly on the support c_ is a

little table having three needle-point legs and carrying a

vertical plane mirror. Now any movement of the lever arm

relative to the support _c will cause the mirror to tilt; and

by observing with a telescope at some distance the image in

the mirror of a vertical scale the movement of the lever arm

will be greatly multiplied.

If -

L - length of the long arm of the lever

1 - length of the short arm of the lever

d distance from one leg of the brass table to the line

joining the other two legs, resting on lever end.

D scale distance from the mirror, then the multiplying

pov/er of the apparatus is

L D X 2
_-_ X
1 d

L = 11.672

1 - 0.4776

d 0.3335.

D differed slightly for different tests, but was nearly al-

ways as great as 170, Thus the multiplying power of the

apparatus was always approximately 25000.
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To determine the elongation caused by the tensions used in

most of the tests, and to check the values of the modulus of

elasticity determined from adding small weights, the mirror

at c_ was removed, and another mirror was attached to the le-

ver d just above the point a_, so that the apparatus acted as

a simple multiplying lever. This arrangement gave a multi-
D

plying power of only 2 , or about 700, and so v/as capable
1

of being used for much greater elongations.

The wire to be tested is alv/ays suspended from a

point some distance above the apparatus in such a way that

the jacket has its ends \Yell v/ithin the magnetizing sole-

noid. The solenoid rests upon a support entirely independ-

ent from that of the wire and those parts of the apparatus

attached to the v/ire, and the two parts are so adjusted that

there is no contact b'^tween them,

I made but tv;o changes in the apparatus itself that

could be supposed to affect the results. In the apparatus

as used by Dr. More and by Dr. Gallaudet , the jacket and its

attachments were not perfectly balanced. The lever d was as

nearly balanced as was desirable to have it. But all the

weight of the lever came on one side of the wire; and that

together with the weight of the arm under it, gave quite a

tendency to the jacket to tip sidewise and slightly bend the
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wire. Then the amount of this bending would doubtless be

changed by the magnetic stresses; and especially when no

weight was attached to the lower end of the wire, it seemed

that this might possibly have quite an effect upon changes

so small as those to be observed. An adjustable extension

was therefore made to attach to the lower ends of the jack-

et, extend well dovm below the magnetizing solenoid, and by

means of sliding weights on its two arms exactly counter-

balance the moment given the jacket by the arm at the top,

together with the lever and mirror. Again, the jacket had

been clamped, at its bottom, to the wire by a single set-

screw. This it seemed might cause a bend in the wire. The

brass plug 'b w^as therefore bored out quite a little larger

than the wire. Two extra radial set-screws were put into b,

making three equally spaced ones about the circujnference.

Then a little cylinder of brass, slit lengthwise on one sid<5

bored along its axis to fit the 7/ire and just large enough

to slip into the hole in b_, was put about the v;ire at the

point of attachment. In this way by the use of the three

screws the wire could be accurately centered in the jacket.

These precautions seemed necessary^for a slight,

almost imperceptible bend in the v/ire vms found by actual

experiment to greatly modify the readings obtained. These
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adjustments were so delicate tliat it was scarcely possible

to judge v/hen they had been properly made except by actual

trial. After Young's modulus had been carefully determined,

it v/as considered a fair test of the adjustment of the appa-

ratus to put on and off a weight that ought to cause changes

in length approximately equal to those expected to follow

from magnetization. If the computed readings ?;ere obtained

the adjustment vms assumed to be correct.

A most evident source of error in this work is the

change in length caused by temperature. The greatest valiie

dl
of observed in my investigation v/hich seemed to be

1
_ 7

due to magnetization was 33.92 x 10 , A change of one de-

gree centigrade in the temperature of the \Tire v/ould give

for about 120. x 10. To prevent temperature changes
1

the magnetizing solenoid was made originallj'- from two coax-

ial brass cylinders in such a way as to leave a space for

water betv/een them. In all the experiments of this investi-

gation water was being continually forced into this space

from the bottom and vt^as over-flowing at the top. Thus there

was a jacket of continuously changing water betv.^eon the mag-

netizing coils and the jacket attached to the v.'ire. Yet if

the larger currents were left on even for a short time the

effects of temperature changes were quickly visible. If

the conditions have become steady
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and all the apparatus has attained a constant temperature,

and then then a current is put on and allowed to remain, the

resulting higher temperature first affects and expands the

jacket on the wire causing an apparent contraction of the

wire itself, and as the higher temperature reaches the wire

expansion will be observed until at last, in the steady-

state resulting, the wire v/ill have apparently expanded or

contracted according to the relative coefficients of heat

expansion for the wire and for the jacket. Fortunately,

these changes are comparatively slor/- and can be separated

with a limited degree of accuracy from readings that can be

taken quickly. But if one v/ere to take a series of readings

for the modulus of elasticity, using small changes of weight

while the magnetizing current remained on, it might be fore-

seen that the results v/ould apparently vary first in one di-

rection and then in the other, due to the unequal changes in

the length of the jacket and the wire.

Incident to the great multiplying^of the apparatus,

the slightest mechanical vibration of the wire under test

made it is absolutely impossible to read the changes of

length accurately, and, in many cases, to read the figures 'J

of the scale at all. To get a support for the wire as free

from vibrations as possible, a v/eight of some seventy-five
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or eighty pounds was made by filling a wooden box vrith.

bricks and old storage-battery plates and t}iis was suspended

by a single coiled brass spring to an arm projecting from a

sidewall of the room some ten feet above the apparatus. The

spring was so designed that, with the v/eight it carried, its

period of vibration was very slow, and when the v/ire to be

tested ViTas suspended from the bottom of the weight, very

little trace of the ordinary vibrations of the building ever

reached the wire. But to have the system v/ork perfectly, it

v/as necessary that the wire and the v/eight which it carried

be attached exactly under the centre of mass of the large

weight above. To facilitate this adjustment four projecting

arms were attached to the bottom of the box forming the

weight and on these arms were hung small movable baslzets of

shot. Wlien all was properly adjusted, the scale image in

the telescope v/ould be blurred for a half-minute by a wagon

passing on the cobble-stone pavement some tVirenty or thirty

feet from the apparatus, but otherwise was undisturbed.
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GEITERAL IvIETHOD OP WORICING.

It v/as decided that for each kind of iron tested se-

ries of elongation readings should be taken for several dif-

ferent tensions, that the elongations should be observed at

each point both with the magnetizing field on and with the

field off, and that for all observations of elongation the

corresponding inductions in the iron should be obtained.

When the wire had been properly adjusted in the ap-

paratus, with a weight attached to the lower end of the wire

to give the desired tension and after the test with the

siimll weight already mentioned had been made, the first

elongation reading was taken by sending a very weak current

through the magnetizing solenoid, quickly observing the

scale reading in the telescope and then brealiing the current

and reading the telescope again. This procedure was repeat-

ed vfith gradually increasing values of the current until the

maximiim cizrrent was reached. The elongation readings obtain-

ed with the field on, I shall call the "total" elongation,

since it represents both the temporary and the permanent or

residual change in length. The elongation observed after a

certain magnetizing field has been put on and then taken

off, will be called the "residual" elongation for that def-

inite field.
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All the currents used in macnetizing were left on

only long enough to get the required readings accurately.

A very careful watch was kept for temperature changes and

when they began to appear, the readings v/ere stopped until

all had cooled do-jm to the steady state again. The currents

used were measured by carefully tested Y/eston instruments of

different capacity according to the currents to be read.

The elongation data given in this investigation v^rere

all taken the first time the wire was magnetized after it

had been put into the apparatus. No method seemed efficient

in completely demagnetizing the wire v/hile it v/as in place

in the apparatus. Alternating currents would not do it,

probably because the ends of the \7ire extended so far beyond

the solenoid. After using the alternating current, the ends

of the v^ire would still show a decided polarity of the same

kind that it showed before^ and tlie effects upon the elonga-

tion curve were very marked. If the magnetizing field v/as

applied again in the same direction as before the curve was

very similar to the one obtained at first though the amount

of the elongation was somewhat reduced. But if the field

was applied in the opposite direction the first effect with

weak fields v/as a contraction, followed by a decrease of the

contraction, then by elongation and the rest of the curve
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was like other curves for the same v/ire.

The inductions corresponding to the elongations were

obtained from a separate series of readings by means of the

ballistic galvanometer, using the method of increasing re-

versals and breaking the current to get the difference be-

tween the total and residual inductions. It was exactly the

(1)

method used by Professor Rowland in his v;ell knov/n ring

experiments. Though actual test had shovm the field to be

practically ujiiform along that part of the solenoid where

the elongation of the wire was measured, yet, as a precau-

tion against irregularities in the induction of the v/ire,

the test coil was distributed in four equal parts equally

spaced along the portion of the v/ire under observation. For

thelower inductions seven hundred tiirns .vere used, while

for the higher inductions this number was reduced to four

hundred turns. The galvanometer with its circuit was cali-

brated for each connection; and, moreover, the ratio of the

de:^ections obtained by the two different arrangements v/as

always taken each time the change was made.

With soft iron wires the alternate current was ap-

plied after the elongation readings had been taken and the

induction readings were then made from the same wire. While

the elongation curve woiild have been quite different under

the second magnetization, yet actual testshowed that_the

Tl) Rowland, Phil. Mag* (4) vol.46, p. 140.
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first induction curve taken for any v/ire did not differ from

subsequent ones. For the hard vrires tested the induction

curves v/ere taken from different v;ires apparently exactly

like tl:e ones used for the elongation tests.

I have tested piano-v/ire in its natiiral condition

under under two different stresses; annealed piano-v^ire un-

der three different stresses ^and soft annealed iron wire

under five different stresses, making ten series in all.

The lov/er tension used for natural piano wire v/as

the smallest that would apparently free the wire from bends,

for it could not be obtained in a perfectly straight form.

The larger tension was a little more than half way to the

elastic limit. These wires have a diameter of 1.25 mm. The

same wires used in these tests were then heated to a bright

red by passing a current through them and were allowed to

cool slowly in the air. The slightly burned outside of the

wires vias then carefully removed by the use of fine flint-

paper after which they were tested under the same tension as

before. Since the wires came out of the annealing process

perfectly straight it v/as possible v;ith these wires
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to make a test iinder the tension caused by the apparatus

alone

.

But neither with the natural nor the annealed piano-

wire v/ere the changes caused by magnetization very great or

the effects of a permanent strain . especially marked. The

The most extensive investigation was therefore made upon

very soft annealed iron v/^ire. The different pieces were cut

from one continuous piece, and parts taken out at different

places were analyzed by Mr, Makaseko of this University
,

and were pronounced by him to be very pure and quite free

from carbon as well as from all other impurities. All of

these wires were haated to the bright red state just as in

the case of the annealed piano-wire, but here it was only

to free them from kinks. They gave the same magnetization

curve before and after this process; and while the same elon-

gation curve could not be obtained in the two cases, all of

my work would lead me to think that the difference was due

solely to the bends in the ;7ire before the heating process.

This wire as tested had a diameter of 1.31 mm. Its

behavior v/as investigated under five different tensions,

ranging from that due to the apparatus only up to the elas-

tic limit of the vrire. Under the largest tension the wire
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would elongate the usual amount upon the addition of a very-

small weight, but would require quite a little time to recov-

er when this weight was removed. Possibly because the elas-

tic changes were so slow under this tension, it was impossi-

ble to take both the total and residual elongation curves.

The best that could be done was to keep the current on all

the time and correct as v/ell as could be done for the tem-

perature changes to obtain the curve for total elongation.

Not only were more tests made on this kind of iron,

but the readings obtained have been v/orked out , somewhat

more fully. Elongation curves from these results have been

plotted both to H, and to _!, and in both cases the contrac-

tions that Professor Rowland believes v/-ill be caused by the

force have been plotted in a separate curve and the
sir

elongation curve as modified by this contraction has also

been given. For the residual curves this supposed contrac-
(4171)'^

tion is computed from , the residual value of I , of
81T

course, being taken. All these modified curves are drawn on

the plates in red while the curves from the observed read-

ings are in black.

The value of Yoimg's modulus used in computing the

contraction curves for this iron v;as 2.12^and v.ias determined

both from small changes of tension, using the higher mul-
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tiplying power and from larf^er changes of tension using the

lower multiplying power. The latter method was considered

the more reliable especially in determining the elongations

due to large tensions. But this method could not be used

to investigate the possibility^^a change in modulus caused

by magnetization, since it required so much time to adjust

the weights that temperature effects from the magnetizing

current would surely modify the results. By using the smal-

ler changes of tension, no variation in the modulus could be

detected at any stage of magnetization, except such as v/ere

within the limits of error of the method.

It was desired to tal^e the induction readings for

exactly the same values of the magnetizing current that had

been used in the elongation tests; but on account of the bad

condition of the storage batteries that I had to use during

most of my work, I could only make the currents approximate-

ly equal in the two cases. The points on each curve, espe-

cially where there could be any doubt as to the exact loca-

tion of that part of the curve, were taken very close to-

gether; and then through interpolation on the curves^the

corresponding values of elongation and induction could be

found with as great accuracy as the curves could be plotted.
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General Results.

Speaking very generally all the curves of elongation

when plotted to H, show either no change of length up to

nearly the field at which the magnetic saturation occurs or

up to that point their elongation curve is similar in shape

to the induction curve. Not far beyond this the residual

curves become practically horizontal, and shov: no fiirther

cliange in length of any consequence; Viihile the curve of to-

tal elongation begins at nearly the same point to descend

along an approximately straight line. The residual curves

for soft iron seem to fall quite a little after the higher

fields have been applied. But v^^hile there seems to be no

doubt that a sliglit shortening of the wire occiors, due prob-

ably to a re-arrangement of the molecules under the strain

of the higher fields, yet, I am sure that this shortening is

exaggerated in my readings by temperature effects that could

not be avoided. All the changes of length due to any change

in the magnetic condition are very quick; and the almost in-

stantaneous throw of the lever and mirror from one position

to another, when quite large, as it v/^as here, caused vibra-

tions that required a little extra time to die out, and con-

sequently allowed some heating of the jacket to occur. All
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attempts to damp this vibration involved the possibility of

displacing parts that must move so freely as the lever and

the mirror; and to put the current on and off gradually in-

volved about the same possibility of heating as did the time

required for the vibrations to cease. It thus seemed best

to make these readings as v/ell as could be done and then

give them with the above caution. In some cases I have

drawn the ends of the curves somevihat above the plotted

points, thinking them much more nearly correct there than if

drawn through the points. For the same reason I think it

probable that the ends of the total elongation curves should

show a more marked tendency to curve upwards from the

(1)

straight line, as has been found by Bidwell,

Effect of the Field.

In any case the residual curve shows that for quite

a distance beyond the point of saturation no permanent

change of length occurs; and the curve of total elongation

shows, through these same field values, a contraction direct-

ly proportional to the field strength. Thus the_se^ two

(1) Bidwell, loc . cit .
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curves, at least along this portion, seem to show clearly

that there is an elongation due directly to the induction in

the iron and a contraction caused by the field, directly

proportional in value to the field .strength, as has been sug-

(1)

gested by Dr. Gallaudet. Every set of curves given in this

investigation seems to show a contraction due to the magnet-

izing field. V/here plotted to I., the elongation, in any

one test, is always greater for the same value of induction

v/hen the field is off than when it is on and the curves mod-

ified by the supposed contraction due to and ,

sfT str
both when plotted to H, and when plotted to I, indicate the

same thing.

Increased tension on the wire apparently causes the

contraction to begin at a lov/er field and at a lower induct-

ion in the iron; but when the elongation reaches the straight

line portion of the total elongation curve plotted to H, it

continues on the same slope without any regard to the ten-

sion upon the wire. In other words the straight portions of

all these curves for the same kind of wire are parallel.

For another kind of wire the slope of this portion of the

curve will be entirely different; but here again the curves

for this wire, taken under different tensions, v/ill have

parallel parts. This would seem to_indicate that_the_con-__

(1) Gallaudet, log.* cit .
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traction caused by the field is not only proportional to

the field hut that it depends also upon some definite con-

stant for each kind of iron. For the three different

kinds of iron that I have studied these constants would

have to be about in the ratio of 12.5, 18 and 29 for the

natural piano wire, annealed piano-wire, and the soft iron

respectively. It does not seem possible to identify these

values directly with either the elasticity or the magnet-

ic permeability of the v/ires.

The curves as modified by the correction v;ould

sTT
have a slightly smaller absolute value for these constants

but the ratio of their values v/ould be very nearly the

same. Looking at the total elongation curves plotted to

I, it will be seen that the retraction of length does not

appear until the value of f^ becomes very much reduced, or

until a relatively large increase of the field is necessa-

ry for a small increase of induction in the v/ire. As the

field necessary to give a certain increase of induction

becomes larger and larger, the curves show a more and more

rapid contraction. Since this part of the curve gradually

becomes more and more nearly vertical it seems evident

that it must approach asymptotically the vertical line

drawn through the maximx-un or limiting value of I, wiiich
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(1)
for this soft iron ;vould doubtless be about 1700, This

would indicate that there is no limit to the contraction

which is caused by the field, but the contractions result-

ing from a definite amount of field increase miglit finally
(2)

become less and less, as Bidwell has observed.

Effects of Tension.

As to the effects of tension, it will be seen that

up to th.e limit of my magnitizing field, the numerical
and contraction

sum of the elongation^is nearly the same for all tests of

the same kind of wire regardless of the tension used. But

the greater the tension, the less v/'ill be the elongation

and the greater the contraction obtained, V/hether we ex-

amine the curves as plotted to H or to !_, we will see

that, after the contraction begins, the length of the wire

as compared to its length before magnetization, becomes

less as the tension is greater. That is, if we disregard,

for the moment, the elongations caused by the tensions

used, and consider the wires to all have equal lengths

when magnetization begins, then we may say that on the

(1) Ev;ing, Magnetic Ind. p,145,
(2) Bidwell, iiLC. cit.
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parts of the cvtrves, v/hich we are considering, for equal

fields or for equal inductions, the greater the tension

the shorter the v/ire. For example, if v/e examine the to-

tal elongation curves, as plotted to H, for soft wire un-

der least and under greatest tension v^e will see that, af-

ter the curves begin to descend, all points on the curve

of greatest tension are about 40 units below those of least

tension. But before any change of length due to magnet-

ization began the elongation caused by the tension, ox-

pressed in the same units used in the curves was 7950 in

one case and only 223 in the other case, ^.Vhat probably

occLirs is a reduction of the original elongation of 7950

imits by 40 units, and beyond this all the phenomenon is

very nearly as in a case of no tension. Suppose, then,

the wire to become less elastic with magnetization, and

that the value of Young's modulus has increased by about

(1)

one-half per cent when the turning point in the mag-

netization curve is reached; then the elongation that

originally existed will be diminished by one-half per

cent, and we have explained the greater contraction result-

ing from magnetization when a wire is under tension than

when it has no tension. This change in the modulus of

(1) Bock, loc. cit.
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elasticity will explain the red^iced elongations of all

other cui'vos in the soft iron series; and a similar ex-

planation will apply to all curves in this investigation,

though the change of Young's modulus must be considerably

less than one-half per cent for the annealed piano-wire

and still less for the natural piano-wire.

In closing, I desire to acknowledge my indebtedness

to Professor Rowland, not only for suggesting this investi-

gation to me, but also for help and kind consideration at

all stages of the Y/ork,

I am also greatly indebted to Dr. Amos, to Dr. Dtm-

can and to Mr. II. S. Kering for valuable suggestions on many

portions of the experimental work and for a very considerate

interest in the v/hole investigation.

if^iofripv' i'^.R^- - /^--S^

'{(LU ^^, ',^7





TABLE I.

Elongation data for piano v^ire in natural state and un-

der tension of 658 kg. per square cm.

d 1

X 10 due to this tension 2933.
1

H
---- X 10

(total) (residual (total) (residual)

.914





TABLE II,

Magnetization data for wire in table I.

H





TABLE III.

Elongation data for piano-wire in natural state and

under tension of 1949 kg. per sq. cm.

X 10 due to this tension , 8872.

H





TABLE IV.

Magnetization data for v/ire in table III,

H





TABLE V.

Elongation data for annealed piano-wire under tension

of 62 kg. pec sq. cm. (apparatus only),
d 1

X 10 due to this tension - 282.
1





TABLE VI.

Magnetization data for wire in table V.

H





TABLE VII.

Elongation data for annealed piano-wire under tension

of G99 kg. per sq. cm.

d 1

X 10 due to this tension __ 3178.

li

d 1

(total)

10

(residual)

d 1

(total

X 10

(residual)

.914





TABLE VIII.

Magnetization data for wire in table VII.

H





TABI^ IX.

Elongation data for annealed piano-\vire vinder tension

of 1949 kg. per sq. cm.

d 1
7

X 10 due to this tension 8872.

H
d 1

X lo'

1

(total) (residual)

d 1

(total)

X 10'

(residual)

.914





TABLE X.

Magnetization data for wire in table IX,

H





TABLE XI.

Elongation data for soft, annealed iron under tension

of 48,3 kg. per sq. cm, (apparatus only)

d 1

X 10 due to this tension 223.

.H





TABLE XII.

Magnetization data for v;ire in table XI.





TABLE XIII.

Elongation data for soft annealed iron \fire under ten-

sion of 228. kg» per sq. cm.

dl
X 10 due to this tension 1052.

H X 10

(total)

H

(residual

)

d 1

(total)

X 10

(residual)

1.01





TABLE XIV.

Magnetization data for v/ire in table XIII.





TABLE XV.

Elongation data for soft annealed iron v/ire under

tension of 430. kg. per sq, cm.

d 1

1





TABIiE XVI.





TABLE XVII.

Elongation data for soft annealed iron wire under ten-

sion of 752 kg. per sq. cm.

d 1

1





TABLE XVIII.

Magnetization data for wire in table XVII.





TABLE XIX.

Elongation data for soft annealed iron wire under

tension of 1720. kg. per sq. cm.

d 1
7

X 10 due to this tension -- 7950,
1

H
d 1

X 10

(total

.458





TABLE XX.

Magnetization data for wire in table XIX,
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